This paper reports on strategic noise mapping research conducted in Dublin, Ireland. Noise maps are constructed for the day-evening-night-time and night-time periods and levels of population exposure are estimated for the same periods. In methodological terms, the research uses the UK's calculation of road traffic noise (CRTN) method for calculating noise levels in the study area. This method has been adopted as the interim calculation method by the Irish authorities responsible for meeting the obligations set out in the EU Environmental Noise Directive (END). The research also investigates the usefulness of three noise mitigation measures for 'acoustical planning' purposes: traffic reductions, speed reductions and erection of acoustical barriers. The results indicate that levels of population exposure during night-time are extremely high relative to guideline limits set down by the World Health Organisation. In addition, the results highlight the significant role that certain noise mitigation measures can play in good 'acoustical planning'.
Introduction and context
In the European Union (EU), problems with noise are often rated at the highest level of concern together with issues such as global warming [1] . The evidence suggesting a link between transportation noise and human health is increasing [2, 3] . Recent research from social survey data demonstrates that annoyance and sleep disturbance are considered to be the primary health effects [4, 5] . Studies have shown that noise annoyance from transportation produces a variety of negative emotions including anger, disappointment, unhappiness, anxiety and even depression [6] [7] [8] [9] .
Ohrstrom and Skanberg [10] examined the effect of road traffic noise on sleep disturbance and concluded that sleep quality was reduced by 22.0% in the laboratory and 20.5% at home after exposure to traffic noise when compared to a quiet reference night. Carter [11] has shown that exposure to noise during the night can lead to considerable disruption in the stages of the sleep cycle. His research demonstrated that Slow Wave Sleep (SWS) can be significantly reduced by noise exposure during the night while other research has shown that the rhythm of Rapid Eye Movement (REM) sleep can be adversely affected by night-time noise exposure [12, 13] . This suggests that noise exposure can reduce the length of time individuals are engaged in deep sleep stages, which are considered to be important for physical recuperation. Exposure to night-time noise can also produce a number of secondary effects (i.e. those that can be measured the day after the individual is exposed to night-time noise) including psychological and physiological symptoms as well as reduced performance in adults [14] .
More recent research has highlighted the link between noise exposure and cardio-vascular outcomes [15, 2, [16] [17] [18] [19] . In a series of recent studies, Babisch et al. [20, 21] have demonstrated that annoyance and disturbance due to road traffic noise is associated with a variety of cardio-vascular outcomes including increased risk of ischaemic heart disease and myocardial infarction. Other negative impacts that are related to quality of life include undue alterations in the everyday behaviour of individuals; examples include preventing the use of residential areas such as balconies and common areas due to excessive noise levels as well as the shutting of windows in homes to prevent noise immission [22] .
Within the context of an emerging evidence base suggesting links between exposure to environmental noise and public health concerns, noise policy gained greater prominence in EU environmental policy throughout the 1990s [23, 24] . In 2002, this culminated in the adoption of Directive 2002/49/EC, also known as the Environmental Noise Directive (END), into EU legislation [25] . The Directive has two broad-based objectives 1 . First, it seeks to develop a common approach towards the avoidance, prevention and reduction of the harmful effect of exposure to environmental noise. Second, it aims to provide a basis for the development of community measures to reduce noise emitted by major sources. Outside of the broader objectives, Murphy and King [5] have identified four key areas of importance for the assessment and management of environmental noise under the terms of the legislation. Three of these are important for the current study: (1) strategic noise mapping; (2) estimating population exposure; (3) noise action planning.
In terms of (1) and (2), the 'global assessment' of exposure is to be achieved using strategic noise maps which are to be used as a basis for identifying levels of population exposure within agglomerations. In this regard the Directive requires competent authorities in each member state to provide estimates of the number of people living in dwellings that are exposed to values of the recently established EU noise indicators L den (day-evening-night-time equivalent sound pressure level) and L night (night-time equivalent sound pressure level) at the most exposed building façade and separately for road, rail, air traffic and for industrial noise [25] .
The third key area of concern (3) is that of noise action planning. In the Directive, action plans refer to 'plans designed to manage noise issues and effects, including noise reduction if necessary' [25, p. 14] . It is a requirement that competent authorities draw up action plans for the major roads, railways and agglomerations within their remit and that these plans are reviewed every five years once adopted and on an ongoing basis by accounting for major new developments. In the context of action plans, the Directive also introduces the notion of 'acoustical planning' which refers to 'controlling future noise by planned measures, such as land-use planning, systems engineering for traffic, traffic planning, abatement by sound-insulation measures and noise control of sources' [25] .
It is the foregoing three areas of concern which provide greatest interest for the current research. A number of noise mapping and/ or population exposure studies have appeared recently in the literature [26] [27] [28] [29] . However, few have been undertaken in the European Union within the context of the Directive. A recent exception is that of Murphy et al. [30] who undertook exploratory strategic noise mapping and population exposure analysis for a one square kilometre area in central Dublin and derived estimates of population exposure. They found that population exposure to noise greater than 45 dB(A) during the night-time period was 90.2%. However, as of yet, no study has investigated the extent to which acoustical planning mitigation analysis can assist in reducing levels of population exposure.
The objectives then of the current study were threefold. First, was to develop strategic noise maps for the identification of noise 'hotspots' in the study area. Second, was to provide estimates of the extent of population exposure during day-time and night-time and to relate these to guideline limit values set down by the WHO for day-time [22] and night-time [31] . Third, was to investigate the usefulness of four noise mitigation measures for 'acoustical planning' purposes: (1) traffic reductions, (2) speed reductions, (3) a combination of traffic and speed reductions, and (4) the erection of acoustical noise barriers. Within the noise action planning framework laid down in the Directive, the paper investigates the extent to which the implementation of each of the aforementioned measures can individually and collectively serve to reduce population exposure to noise from road transport.
Data and methods

Study area and data
The study area comprises of approximately a 16 square kilometre area in Dublin's central area. The study area comprises buildings within the Royal and Grand Canal's which are regarded generally as Dublin's central core area. Fig. 2 provides an outline of the study area as well as a strategic noise map of the area for L night . Strategic noise maps are used for gaining a broad overview of noise emissions levels in the area. The data used in this study was provided by Dublin City Council including 24-h traffic flow information along the road links in the study area for a six month period from January to June 2007. The traffic flow data was derived using Dublin City Council's traffic monitoring system which provides hourly traffic counts at junctions within the study area. Traffic composition data was unavailable on all links and was assumed to be 90% light vehicles and 10% heavy vehicles. This is in keeping with the Good Practice Guide for Noise Mapping [32] . Building geometry, building height information and road network information was provided by Dublin City Council in the form of Geographic Information System (GIS) shapefiles.
Noise modelling
The harmonised noise indicators L den and L night were used to gauge average noise emission levels in the study area. Both L den and L night represent the annual A-weighted long-term average sound pressure level determined over the entire day and night periods respectively. L den is given by the following equation:
The day period was taken to be from 07.00 to 19.00 while evening and night-time periods were taken to be from 19.00 to 23.00 and 23.00 to 07.00 respectively. The weighting factors in the above equation are designed to account for the increase in annoyance at different periods throughout the entire day, hence the addition of 10 to the value for L night and 5 to the value of L evening . The noise prediction method used for the current study was the Calculation of Road Traffic Noise (CRTN). The published method [33] is divided into three sections which outline a prediction method, including a procedure to determine the basic noise level at the source, and a measurement method. In a critical review of road traffic prediction models, Steele [34] notes that CRTN is distinguished by its extensive use of curve fitting between empirical data even when this was known not to conform to theory. This greatly simplifies calculations albeit with the concomitant loss of validity.
In the CRTN method the road is approximated as a line source and as such the line of view is the line source i.e. the road is of critical importance in calculations. The method does not calculate attenuation in terms frequency bands, but rather offers an overall A-weighted result. All results are expressed in terms of the L 10 indicator and as such, a conversion factor is required to change results obtained from the CRTN model to satisfy the Directive. This conversion was developed from a regression relationship established between L eq and L 10 by Abbott and Nelson [35] and was subsequently adapted to an Irish scenario [36] . The Irish conversion formula was selected for use in this case and may be expressed as
It has previously been noted by the authors that, on average this method under predicts noise levels by 0.01 dB with an r.m.s. error of 1.6 dB.
Model validation
In order to validate the predicted model a number of measurements were made at selected locations within the test area. These locations were representative of typical city centre streets; some may be considered 'major roads' in terms of traffic volumes as defined by the Directive, but all would have been considered as a source in the development of the strategic noise map for the agglomeration. In one location, measurements were made over a two-week period while all other measurements were 15 min in duration. All measurements were conducted away from any reflecting surfaces such as building façades in an effort to minimise the impact of reflections. All short-term measurements were made at a height of 1.5 m at distances of between 6 m and 10 m from the roadside edge. At each position traffic noise from the adjacent road was the dominant noise source. The long-term monitor was positioned at a height of 4 m on a traffic island between two roads. Traffic noise was again the dominant source at this location.
The long-term measurements were used to determine the variation of noise throughout the day period which would enable an accurate estimation of L day using short-term measurement results. This method was previously applied to a section of the test area by King and Rice [37] . It was found that a 15 min value was generally within 3 dB of the 12-h L day level and results from the current study also follow this trend. Applying this method allows comparisons to be drawn between long-term and short-term measurements taken on-site with the predicted L day values in the noise map. The results of measurements and predicted values are displayed below (Table 1 ).
The results demonstrate that in general the CRTN model under predicts slightly the noise levels in the test area. The average error is À1.8 dB(A) with a standard deviation of 1.9 dB(A) which suggests that while there is some variation at each individual position, the model is robust enough to use as a strategic action planning tool. Errors in predictions may have arisen due to the limited availability of input data while measurements may have been influenced by everyday urban sources outside the scope of the prediction model. A more detailed measurement campaign would of course improve the results and lead to more definitive validation. However, such an extensive measurement campaign is beyond the scope of the current paper.
Extrapolating measurements to a height of 4 m
Short-term measurements were taken at a height of 1.5 m while predictions were performed for a receiver height of 4 m. As such it was necessary to extrapolate measurement results to a height of 4 m in order to undertake a direct comparison between predictions and measurements. Fig. 1 shows a noise map plotting the It is evident that the closer the receiver points are to the source the greater the influence that height alterations have on the values. A difference as high as 10 dB is noted directly beside the source, but reduces to below 1 dB over 8 m from the source. This simple analysis suggests that the difference in receiver height is less influential as the receiver points are placed further away from the source.
Estimating population exposure
Population exposure was estimated by determining the number of residential units for each building in the study area. Once determined, each residential unit was assigned an average household size value equivalent to the census enumerator area (EA) where the building was located. This value was obtained from the 2006 Census of population data for 162 EA's falling within the study area. Information on the number of residential units in each building was acquired from the Irish GeoDirectory database for 2007. The GeoDirectory is a complete database of every building in Ireland which among other things contains information detailing the number of residential units in each building. It is updated on an ongoing basis by the Irish Postal Service and is the most complete building database available in Ireland. Given the number of residential units for each building in the study area and the average household size associated with each building location, it was possible to compute estimates of the residential population for each building.
In order to estimate exposure, the noise level at the most exposed façade must be determined [25] . Thus, for the current study separate calculations were undertaken for the completion of strategic noise maps and for estimates of noise at building façades. For façade calculations the recommendations outlined in the Good Practice Guide for Noise Mapping [32] were followed. Receiver points were placed at 0.1 m in front of the façade; a spacing of 3 m between calculation points was deemed appropriate. For the grid calculations, a standard grid spacing of 10 m was chosen. All calculations were performed at the standard receiver height of 4 m above the ground.
The noise categories chosen (Table 2) are those outlined in the recent Irish statutory instrument-Environmental Noise Regulations-which established a schedule for compliance with the EU Noise Directive in Ireland [38] . It should be noted at the outset that the guideline value above which the World Health Organisation (WHO) have recommended noise emissions in traffic areas should not exceed during day-time is 70 dB(A) L eq [22] while the corresponding value not to be exceeded during night-time is 40 dB(A) L night, outside [31] . Prolonged human exposure above these levels is considered to be detrimental to public health and quality of life [22] . In our analysis, we compare the WHO day-time L eq guideline level with L den . As L den is a weighted indicator this comparison is equivalent to a scenario where the general public is overprotected. This is an appropriate comparison due to the fact that L den is the indicator currently used throughout Europe to assess general levels of annoyance.
Murphy and King [5] have pointed out a number of methodological difficulties associated with estimating population exposure within the strategic noise mapping framework. These include the assumption that all individuals living in a particular household are exposed to the noise level at the most exposed building façade. They point out that many bedrooms will not be located at the most exposed building façade. In addition, there is the assumption that individuals reside in their dwelling and sleep there all year around. This ignores the fact that many workers and students leave urban areas at the weekend and thus the assessment method fails to account for migrant and transient populations when providing estimates of population exposure [5] . Because of these assumptions, Murphy and King [5] note that noise exposure estimates are likely to be overstated. The foregoing issues also apply to the current study. Fig. 2 shows a strategic noise map for the night-time period while Table 2 displays estimates of the number of people exposed to various noise categories for L den and L night . It is notable from Fig. 2 , and perhaps unsurprisingly, that very high levels of noise are evident along the main routeways for the night-time period. The results for population exposure are quite striking. They suggest that 27.2% of residents respectively are exposed to noise levels exceeding 70 dB(A) for L den while the corresponding figure for night-time noise exposure (L night ) greater than 40 dB(A) is 84.3%. Thus, in proportional terms the exposure estimates are similar, albeit slightly less, than those found by Murphy et al. [30] for a small central area for 2005. The results are unlikely to suggest that the soundscape has improved over that period. Rather, they imply that noise exposure is considerably greater in the central core of the city where many traffic routes converge and that, in relative terms, average exposure rates decline outwards from the central core.
Results
Strategic noise mapping and population exposure
Nevertheless, the rates of exposure are high. Berglund et al. [22] reported that approximately 40% of the total population of the EU were exposed to noise levels from road traffic exceeding a daily equivalent sound pressure level of 55 dB(A) while the corresponding value for night-time exposure was 30% [22] . For our study the corresponding figures are 63.0% and 37.3% for day-time and nighttime respectively, indicating a considerably higher rate of exposure for the daily equivalent sound pressure level (L den ) than that reported by Berglund et al. [22] . As stated earlier, a key objective of the END is to identify areas of acoustical discomfort and apply 'acoustical planning' mitigation measures in the form of action planning to reduce noise exposure in areas that are considered to be of poor sound quality. Using a Geographical Information System (GIS) buildings with a L max exposure at the most exposed façade of greater than 50 dB(A) for L night were identified. They are shown in Fig. 3 . Once selected, we identified the roads in the vicinity of these buildings which were then used as a base reference condition to test the impact of four acoustical planning mitigation measures on reducing population exposure to noise for both L den and L night : (1) traffic reductions; (2) speed reductions; (3) a combination of traffic and speed reductions, and (4) acoustical barriers. Table 3 shows the results of the population exposure analysis for the base reference condition. Each of the first three acoustical mitigation measures was simulated and compared with the results for the base reference condition (Table 3) . However, mitigation measure (4) had a separate base reference condition described which is outlined later. Table 4 shows the revised population exposure statistics for travel demand reductions of 10% and 20% for L den and L night ; demand reductions were applied to both light and heavy vehicles. The results show that for a 10% travel reduction, the proportion of people exposed to values above 70 dB(A) for L den -the WHO guideline limit -declines only marginally (1.0%) from the base reference condition although there are significant reduction in exposure in the >75 exposure category (27.8%). The corresponding reduction for people exposed to values above 40 dB(A) for L night -the WHO guideline limit -is 2.9%. When a 20% reduction in travel demand is implemented the proportion exposed to values above the guideline limits declines by 4.9% for L den and 7.2% for L night from the base reference condition. It is notable also that greater proportional reductions in exposure can be achieved the upper categories when this mitigation measure is implemented. This points toward the usefulness of the measure for aiding reductions in noise exposure to the worst affected households. Table 5 shows the revised population exposure statistics for speed reductions of 10% and 20% for L den and L night . The results show that for a 10% speed reduction, the proportion of people exposed to values above 70 dB(A) for L den -the WHO guideline limit -declines by 0.2%; the corresponding reduction for people exposed to values above 40 dB(A) for L night -the WHO guideline limit -is 2.0%. For a 20% reduction in speed the proportion exposed to values above the guideline limits are 4.8% for L den and 3.7% for L night . In line with the previous results, those for speed reductions suggest that greater proportional reductions in exposure can be achieved the upper categories; by reducing travel demand, a 2.0% reduction can be achieved for individuals exposed to noise levels greater than or equal to 60 dB(A) for L den while a 15.5% reduction can be achieved for individuals exposed to noise levels greater than Selected reference route for noise barrier reference condition Fig. 3 . Buildings with a value greater than 50 dB(A) for L night and selected roads for the base reference condition. 65 dB(A) for L night . The reductions achieved in the higher noise categories are considerably greater for L night than for L den . This suggests that this mitigation measure has the potential to affect significant reduction in exposure during the period when dose-effect relationships are greatest for public health concerns. It is also clear that the reductions achieved by implementing speed reductions are much less than those for travel demand reduction. This suggests that travel demand reduction is a more desirable acoustical planning mitigation measure for curbing human exposure to road traffic noise in urban areas. Taken together, the foregoing results demonstrate convincingly that significant reductions in population exposure can be achieved through careful consideration of traffic flows and associated traffic speeds in the study area. Indeed, on a broader policy level, the results highlight the potential role that traffic management and transportation planning can play in 'acoustical planning' in the future. Table 6 shows the revised population exposure statistics for a 10% travel demand and speed reduction for L den and L night . The logic here is that it may be necessary to implement more than one measure for adequate noise mitigation. Here, the results show that for a 10% speed reduction, the proportion of people exposed to values above 70 dB(A) for L den is reduced by 1.8%, compared to the values of 1.0% and 0.2% respectively for 10% travel demand and travel speed reduction. The corresponding reduction for people exposed to values above 40 dB(A) for L night is 5.0% compared to the values of 2.9% and 2.0% respectively for 10% travel demand and travel speed reduction. The impact of implementing the two noise mitigation measures simultaneously appears to confer little additional benefit in terms of reducing population exposure than applying the measures separately.
Scenario one: Travel demand reduction
Scenario two: Travel speed reductions
Scenario three: Combined noise mitigation measures
Scenario four: Noise barrier implementation
For this scenario, three models were computed: (1) a base reference condition with no barrier along the selected route, (2) a 2 m barrier erected along both sides of the roadway, and (3) a 3 m barrier erected along the roadway. The route selected for the base reference condition is shown in Fig. 3 . Table 7 displays the results of this analysis on population exposure for the entire study area; however, the impact of barriers erected for noise mitigation is relatively localised and the differences in exposure rates are reflective 
Discussion and conclusions
One of the grey areas surrounding the END relates to the fact that it fails to stipulate guideline limit values that should not be exceeded for L den and L night . For the current analysis we have used guideline limit values outlined by the WHO [22, 31] . However, other guidelines exist. The US Department of Housing and Urban Development classifies noise levels in residential environments into the following four categories [39, 28] :
(1) Clearly acceptable: L eq 6 49 dB(A). Bearing the foregoing results in mind, it is evident that whether population exposure is judged from the viewpoint of the WHO or that of the US Department of Housing and Urban Development, Dublin's exposure levels are unacceptable. Of course, the question then arises about the full extent of the dose-effect relationships in Dublin? While it is impossible to provide a definitive answer, the research alluded to at the outset suggests that the impacts of this exposure on public health are likely to be considerable. Undoubtedly, this is an area where further research is needed as a matter of priority.
To summarise, a number of conclusions can be drawn from the analysis. First, the population exposure analysis highlighted the scale of exposure to environmental noise. According to our estimates, more than 27% of the resident population are exposed to L den values above 70 dB(A) while almost 85% are exposed to L night values above 40 dB(A). These are the guideline limits above which the WHO recommends that prolonged exposure is detrimental to human health. However, there are some caveats. Murphy and King [5] have pointed out that many residences do not have bedrooms at the most exposed building façade. They also suggest that exposure estimates ignores the mobility of urban populations to and from rural areas at weekends. Bearing these issues in mind, it is likely that our analysis overestimates population exposure in urban areas but to what extent it is impossible to tell using existing data and information. Nevertheless, even taking these issues into account, there is little doubt that the scale of exposure is considerable and thus highlights a problem of significant environmental concern.
Second, the results demonstrate that in terms of noise action planning, significant reductions can be achieved by implementing traffic management noise mitigation measures in urban areas. Indeed, reducing travel demand leads to the most significant reduction in population exposure for L den and L night while considerable reductions can also be achieved by reducing travel speeds. The research has also highlighted the potential reduction that can be achieved by using acoustical noise barriers in areas that may have unusually high levels of noise exposure and are not visually sensitive. The results echo those of other scholars who have suggested that noise barriers could be used strategically in urban areas as a noise mitigation measure [40] .
Finally, tackling the problem of environmental noise adequately is likely to require the implementation of more than one noise mitigation measure. Indeed, it seems that the problem of environmental noise and associated levels of exposure is significant enough to ensure that one mitigation measure will not be enough on its own to bring levels of exposure in line with the guideline limits recommended by the WHO. Undoubtedly, a more concerted approach is needed if levels of exposure are to be reduced and areas of good sound quality are to be protected.
